Recently, focus has been placed on ocean energy resources because environmental concerns regarding the exploitation of hydrocarbons are increasing. Tidal current power, one of the ocean energy resources, has great potential worldwide due to its high energy density. The flow velocity is the most crucial factor for the power estimation of TCP(Tidal Current Power) system since the kinetic energy of the flow is proportional to the cube of the flow speed. So sufficient inflow speed to generate electricity from the tidal current power is necessary. A duct system can accelerate the flow velocity, which could expand the applicable area of TCP systems to relatively lower velocity sites. The shapes of the inlet and outlet could affect the flow rate inside the duct. To investigate the performance of the duct, various ducts were preliminary designed considering the entire system that is single-point moored TCP system and a series of simulations were carried out using ANSYS-CFX v13.0 CFD software. This study introduces a ducted turbine system that can be moored to a seabed. A performance estimation and comparison of results with conventional tidal converters were summarized in this paper.
Introduction
Tidal current power (TCP) from ocean energy has great potential throughout the world. Unlike other renewable energy sources, tidal current energy is a very reliable and predictable resource. Therefore many studies have been performed regarding applications of tidal current power systems. The flow speed is the most important and critical factor for power generation from tidal currents since the kinetic energy of the flow is proportional to the cube of the flow velocity. Among several types of current turbine systems, the duct type could increase the upstream velocities and the power extraction from the current. Numerous studies have been presented regarding duct applications for TCP systems. Jo et al. (2009) conducted an experimental study on a ducted horizontal axis turbine (HAT) system. The effect of the diffuser angle on ducted turbine performance was described by Khunthongjan et al. (2012) . carried out computational fluid dynamics (CFD) analyses of the effects on inlet shapes on the inside velocity of a duct. Luquet et al. (2013) introduced a duct system using hydrofoil sections around the turbine.
A strong current is required for the tidal converters, and it can be generally applied at a region that has a high flow velocity. Since the upstream duct can accelerate the flow velocity, it can potentially broaden the applicable areas of tidal devices to relatively low velocity sites. In many studies, it has been proven that a duct could enhance the amount of power production by amplifying the flow velocity, but the duct should be designed by considering the specific environmental conditions and the concept of the structure. This paper describes the preliminary design of a duct that can be applied to a tidal current power system moored to a seabed and the flow characteristics around the duct based on CFD analyses.
Concept of Overall System
Many sites (such as a drain channel in a conventional power plant and islands areas) have a relatively low current speed area. A single point mooring system could be applied to a TCP system with duct structure for easy installation and maintenance. As shown in Fig. 1 , a single point mooring system needs buoyancy for mooring, so the duct should be designed with enough bulk to act as ballasting tank. And some generating devices could be placed in this bulk. The duct design was initiated considering the overall concept of the generating system. Jo et al. (2014) introduced three duct shapes of the same length and conducted CFD analyses with downscaled models. In their study, the design factors were the inlet and outlet angles and the duct shape. The duct angle was determined on the basis of the results of another study presented by . They compared various inlet angles for a plate-shaped duct and found an optimal angle of 18.8° to increase the flow speed. In that study, by considering a single point mooring system that needs the volume which can make the buoyancy, the duct angle was defined as 11.2°. Three streamlined duct shapes (a nozzle type, a diffuser type, and a nozzle combined with a diffuser type) were designed to fit into our concept with reference to their study.
Previous Study about Initial duct design
By comparing results of CFD analyses, the nozzle combined with a diffuser type was the most effective to accelerate the flow speed. For a nozzle combined with a diffuser type, the flow velocity increased up to about 46% relative to an upstream flow speed of 1.2m/s. For a diffuser type, the flow velocity increased up to about 44% at the center of the duct. However for a nozzle type, the flow velocity was accelerated up to only 7%. As a result the nozzle combined with a diffuser type was selected as the most effective shape to accelerate the flow speed. 4. CFD analyses for initial design Jo et al. (2014) investigated down-scaled duct models but real scale model was verified by CFD analyses in this study.
The first analysis case is the nozzle combined with a diffuser type that has an open inlet and outlet. The second case is a diffuser type that has a cylindrical inlet and an open outlet. The final case is a nozzle type that is the reverse shape of the diffuser type, with an open inlet and a cylindrical outlet. These models use the same design factors that were investigated by Jo et al. (2014) .
The inner diameter of the duct was determined for a turbine size of 2 m, and an outer diameter of 3 m. The duct shapes are shown in Fig. 2 , and the dimensions are described in Table 1 .
This research used the ANSYS CFX v13.0 commercial CFD code to simulate flow patterns around the three duct shapes. All analysis cases have the same external boundary dimensions as shown in Fig. 3 , with different duct shapes in the inner domain.
Grid generation was carefully carried out for smooth convergence and reliable results. The thickness of the near-wall grid layers was considered according to the application of the turbulence model, as was the aspect ratio of the mesh. In this simulation, a shear stress transport (SST) model, which requires a low y-plus value under 5 for reliable results, was used as the turbulence closure. A total of 2 million nodes were generated with tetrahedral and prism cells. Table 2 shows the computational grid information The flow around the duct was assumed to be incompressible three-dimensional (3-D) steady state flow. A normal velocity was defined as 2.0 m/s that is design velocity of this TCP system at the inlet. An outlet condition with 0 Pa relative pressure was set at the outlet. The boundary at the faces of duct was defined as a stationary wall. The flow side boundary was specified as a free-slip wall.
For the nozzle combined with a diffuser type, the flow speed was accelerated up to 65.4%. For the diffuser type, the flow speed increased up to 47.6%. However, for the nozzle type, flow speed was decreased about 5.65%.
As a result, the nozzle combined with a diffuser type duct could accelerate flow speed the most effectively of the three types.
Modification of Diffuser Angle
By comparing the acceleration rates of the three ducts, the nozzle combined with a diffuser type was recommended as an effective duct. In this research, flow amplification was investigated in the nozzle combined with a diffuser type by diffuser angle to find the more optimized shape of duct. And this work has been done only for the special case of nozzle angle 11.2°. Twelve duct model cases were designed by using CATIA V5, and the inlet shape of every model was equal to the model studied previously. The diffuser angle was varied from 2° to 70° that were selected to find the tendency of the flow amplification rate by diffuser angle. Fig. 4 shows the designed duct models and the specifications are given in Table 4 . 
CFD Analyses for Various Diffusers
Analyses were conducted using the ANSYS CFX v13.0 commercial CFD code. A total of 1.5 to 3.0 million nodes was generated. The average calculating time was 10 h. All boundary conditions are described in Table 3 and the domains were formed as shown in Fig. 3 .
The flow amplification factor that is ratio between upstream velocity and inner velocity where the point its inner diameter is minimum versus diffuser angle is shown in Fig. 5 and Table 5 . A smaller diffuser angle was, produced a larger flow amplification factor. Especially, for a diffuser angle under 30°, it can be seen that the flow amplification factor increased rapidly. In the case of a diffuser angle 4°, the flow amplification factor was 1.875 that is the maximum value. These flow patterns could be analyzed with pressure distribution. Fig. 6 shows the characteristics around the duct versus the diffuser angle. For a large diffuser angle such as 70°, strong vortices appeared. Large separations were observed at the end of the diffuser. Thus the inside flow could not be accelerated sufficiently due to the stagnation pressure induced by the nozzle. And the objective size of stagnation pressure was markedly different between diffuser angles of 2° and 70°. However, no separation was observed for diffuser angles of under 10° that accelerated the inside flow well and showed higher efficiency.
The length of the diffuser increases in proportion to the cotangent of the diffuser angle. For the duct with a diffuser angle of 4°, the duct length is 9.17m which is 4.58 times longer than the inner diameter. Thus it is not stable from the point of view of hydrodynamics. Although the duct with a diffuser angle of 4° could amplify the flow velocity the most effectively, the duct with a diffuser angle of 8° is the most suitable for applying a single-point moored TCP considering the entire system. The kinetic energy of the flow is proportional to the cube of the flow velocity. Fig. 7 shows the kinetic energy increase of the flow in the duct. The kinetic energy can be increased up to 6.6 times higher as the upstream velocity. It can make 6.6 times as much economical profit.
Conclusions
Three duct geometries that have been studied in the past were investigated in this research. Using CFD, real-scale duct analyses were conducted, and the nozzle combined with a diffuser type duct was recommended.
For the nozzle combined with a diffuser type duct, the flow amplification factor versus diffuser angle was verified. The duct with a diffuser angle of 4° showed the highest efficiency, and the flow velocity in this case was amplified by more than 87%. The duct with the small diffuser angle is too long to maintain the stable posture in response to external forces. So, a duct that has diffuser angle of 8° and a length of 5.75m is more suitable than the other cases considered.
This research conducted the CFD analyses for upstream speed of 2m/s. The amplification factor by various upstream velocities can be changed. In future work, these computational simulation results need to be compared with experimental results in order to validate the CFD analysis data. A comparison between the results in this paper and another CFD about duct with turbine would be carried out.
